The role of voltage-gated Ca 2+ channels (VGCCs) in spontaneous miniature neurotransmitter release is incompletely understood. We found that stochastic opening of P/Q-, N-and R-type VGCCs accounts for ~50% of all spontaneous glutamate release at rat cultured hippocampal synapses, and that R-type channels have a far greater role in spontaneous than in action potentialevoked exocytosis. VGCC-dependent miniature neurotransmitter release (minis) showed similar sensitivity to presynaptic Ca 2+ chelation as evoked release, arguing for direct triggering of spontaneous release by transient spatially localized Ca 2+ domains. Experimentally constrained three-dimensional diffusion modeling of Ca 2+ influx-exocytosis coupling was consistent with clustered distribution of VGCCs in the active zone of small hippocampal synapses and revealed that spontaneous VGCCs openings can account for the experimentally observed VGCC-dependent minis, although single channel openings triggered release with low probability. Uncorrelated stochastic VGCC opening is therefore a major trigger for spontaneous glutamate release, with differential roles for distinct channel subtypes. npg
a r t I C l e S Action potential-independent spontaneous miniature neurotransmitter release has important physiological functions, including regulation of dendritic protein expression and maintenance of spines in glutamatergic synapses 1, 2 . Although 'minis' occur without extracellular Ca 2+ , the majority of spontaneous release under physiological conditions is Ca 2+ dependent (for example, see refs. 3, 4) . Unlike action potentialevoked release, which is triggered by transient activation of presynaptic VGCCs and formation of local Ca 2+ -nano/microdomains in the immediate vicinity of release-ready synaptic vesicles 5 , Ca 2+ regulation of miniature release remains incompletely understood. It has recently been shown that stochastic opening of presynaptic VGCCs at resting membrane potential (V rest ) is a major trigger of spontaneous release at GABAergic synapses with either tight (Ca 2+ nanodomain) 6 or loose (Ca 2+ microdomain) 7 coupling between VGCCs and vesicular Ca 2+release sensors. These findings are consistent with the notion that the low-affinity Ca 2+ sensor synaptotagmin-1 is the major Ca 2+ sensor not only for evoked, but also for spontaneous, release 4 . In contrast, VGCCs have been reported not to be involved in triggering spontaneous glutamate release, as the broad nonspecific inorganic VGCC blocker Cd 2+ (50-100 µM) fails to consistently reduce the frequency of miniature excitatory postsynaptic currents (mEPSCs) (for example, see refs. 8, 9) . This difference between spontaneous GABA and glutamate release is paradoxical, as the mechanisms of evoked release are broadly similar between inhibitory and excitatory central synapses 4, 5 . Evoked release of glutamate at central synapses is triggered by mixed populations of P/Q-type, N-type and R-type VGCCs [10] [11] [12] [13] [14] [15] . How these different VGCCs contribute to spontaneous release, and whether they do so through similar spatiotemporal domains as in evoked release, remains incompletely understood.
We used electrophysiological, optical, pharmacological and modeling approaches to examine the roles of different VGCC subtypes in spontaneous glutamate release at small hippocampal synapses. We found that stochastic uncorrelated activation of individual VGCCs at V rest was a major source of spontaneous glutamate release. In addition, consistent with a lower voltage activation threshold, R-type VGCCs were much more efficient at triggering spontaneous release than P/Q-and N-type channels. Finally, by comparing the effects of fast (BAPTA) and slow (EGTA) Ca 2+ buffers on spontaneous and evoked release, complemented by experimentally constrained modeling of Ca 2+ dynamics and activation of vesicular release sensors, we found that VGCC-dependent minis could be accounted for by fast, transient, 25-70-nm Ca 2+ -nano/microdomains around single VGCCs that open spontaneously at V rest .
RESULTS

Blockade of VGCCs inhibits spontaneous glutamate release
To determine the contribution of different presynaptic VGCCs to spontaneous miniature release at small excitatory synapses, we tested the effects of specific VGCC blockers on mEPSC frequency in cultured hippocampal neurons. Acute blockade of either P/Q-type (with 0.25 µM ω-Agatoxin-IVA, ω-Aga), N-type (with 5 µM ω-Conotoxin-GVIA, ω-Ctx) or R-type channels (with 0.5 µM SNX-482, SNX) decreased the frequency of mEPSCs. In contrast, blockade of T-type channels (with 1.0 µM TTA-P2) had no detectable effect ( Fig. 1a-d a r t I C l e S and Supplementary Table 1 ). We also observed no evidence for nonlinear summation of the effects of individual blockers (Fig. 1e) .
A quantitative comparison of the different blockers revealed that simultaneous application of ω-Aga and ω-Ctx decreased mEPSC frequency by 27.7 ± 3.7%, implying that approximately one quarter of spontaneous glutamate release depends on P/Q-and N-type VGCCs, which underlie the majority of evoked Ca 2+ influx and vesicular release 10, 12, 14 . Notably, SNX reduced mEPSC frequency to a similar extent (23.1 ± 5.7%) as the combined application of ω-Aga and ω-Ctx, despite a much smaller contribution of R-type channels to evoked Ca 2+ influx and exocytosis 10, 12, 14 (see below). A disproportionate role for SNX-sensitive VGCCs in spontaneous release is, however, consistent with the hypothesis that VGCC-mediated glutamatergic minis are triggered by stochastic VGCC opening: R-type channels have been shown to activate at more negative potentials, with slower gating kinetics, than P/Q-or N-type channels 12, 16 . This implies that, at physiological V rest (between −80 and −60 mV) R-type channels should open more often and for a longer time than P/Q-and N-type channels, and should therefore be more efficient at triggering miniature release. Furthermore, consistent with the hypothesis that spontaneous VGCC openings can trigger exocytosis, increasing the opening probability of VGCCs by depolarizing the presynaptic membrane with raised extracellular [K + ] ext (20 mM) increased the frequency of VGCC-dependent minis (Supplementary Fig. 1 ). Fluo-4 VOLUME 16 | NUMBER 12 | DECEMBER 2013 nature neurOSCIenCe a r t I C l e S Roles of different VGCCs in presynaptic Ca 2+ dynamics We next compared the relative contributions of different VGCCs to presynaptic Ca 2+ dynamics and to spontaneous miniature release by examining the effects of VGCC blockers on presynaptic [Ca 2+ ] at rest and following action potentials using fast fluorescence imaging of the Ca 2+ indicator Fluo-4 ( Fig. 2a-d and Online Methods). Consistent with previous reports 10, 12, 15 , ω-Aga and ω-Ctx markedly reduced the evoked Ca 2+ fluorescence transient, normalized by the fluorescence of a morphological indicator ∆G AP /R (by 74.3 ± 6.4%; Fig. 2b,e ), confirming that P/Q-type and N-type VGCCs are the major source of spike-evoked Ca 2+ entry. Simultaneous application of ω-Aga, ω-Ctx and SNX almost completely abolished the evoked Ca 2+ transient (by 90.0 ± 6.4%; Fig. 2c,e) , arguing that the ω-Agaand ω-Ctx-resistant Ca 2+ influx is mainly mediated by R-type VGCCs. The inorganic nonspecific VGCC blocker Cd 2+ (100 µM) completely abolished the residual evoked Ca 2+ fluorescence transient ( Fig. 2d,e ), implying that it was mediated by toxin-insensitive VGCCs.
Unexpectedly, the organic VGCC blockers and Cd 2+ had very different effects on the resting Fluo-4 fluorescence (G rest /R). Although ω-Aga, ω-Ctx and SNX did not alter G rest /R, Cd 2+ induced a several-fold increase of G rest /R ( Fig. 2b-d,f) . This could be a result of a Cd 2+ -induced elevation of intracellular Ca 2+ levels or of a gradual accumulation of presynaptic Cd 2+ binding to the Ca 2+ indicator 17, 18 . In either case, the increase in Ca 2+ indicator fluorescence suggests that Cd 2+ may substantially alter resting presynaptic concentrations of divalent cations, which could affect miniature release through a mechanism separate from the direct blockade of VGCCs. We therefore only used organic VGCC blockers (ω-Aga, ω-Ctx and SNX) in the rest of the study.
Distinct effects of BAPTA and EGTA on VGCC-mediated minis
How do presynaptic VGCCs trigger spontaneous glutamate release? One possibility is that VGCC-dependent minis are directly triggered by the formation of fast transient Ca 2+ -nano/microdomains around individual spontaneously opening channels, akin to those that underlie evoked exocytosis. Alternatively, stochastic opening of VGCCs may control the presynaptic resting [Ca 2+ ] rest , thereby affecting the rate of miniature release on a slower timescale 19 . Ca 2+ imaging, however, failed to detect a change in [Ca 2+ ] rest following blockade of VGCCs with the specific organic blockers ( Fig. 2f) . This argues against the hypothesis that stochastic opening of VGCCs facilitates spontaneous release simply by increasing [Ca 2+ ] rest and suggests instead that VGCC-dependent glutamatergic minis are directly triggered by the formation of transient Ca 2+ -nano/microdomains. If so, VGCCdependent minis should be inhibited by intracellular Ca 2+ chelation, as rapid Ca 2+ transients are much more sensitive to exogenous Ca 2+ buffers 5 than [Ca 2+ ] rest (which is determined by the balance of passive membrane Ca 2+ fluxes and active pumping mechanisms 20 ) . To test this prediction, we measured the effects of intracellular loading of either fast or slow membrane-permeable Ca 2+ buffers (BAPTA-AM or EGTA-AM, respectively).
Both chelators, applied at 20 µM, decreased the mEPSC frequency within 10-20 min: BAPTA-AM by 42.6 ± 7.7% ( Fig. 3a) and EGTA-AM by 37.8 ± 4.7% (Fig. 3b ) at steady state. At first sight, the similar effects of BAPTA-AM and EGTA-AM argue that spontaneous glutamate release is triggered by relatively slow changes in intracellular [Ca 2+ ]. However, the overall mini rate includes both VGCC-dependent minis and a residual population that persists in the presence of VGCC blockers (Fig. 1d) . Moreover, given that the absolute concentrations of intracellular BAPTA and EGTA cannot be determined precisely in experiments in which the acetoxymethyl (AM) esters are applied extracellularly 21 , in principle, BAPTA and EGTA may reach different steady-state concentrations in presynaptic terminals. To compare the sensitivity of VGCC-dependent minis to BAPTA and EGTA, we measured the effects of ω-Aga, ω-Ctx and SNX on the mEPSC frequency in cultures pre-equilibrated with BAPTA-AM or EGTA-AM ( Fig. 3c,d npg a r t I C l e S Distinct effects of BAPTA and EGTA on evoked exocytosis The differential sensitivity of VGCC-dependent mEPSCs to BAPTA and EGTA that we observed is similar to the effects of these buffers on evoked glutamate release at small central synapses in acute brain preparations 5, 22 . Indeed, in contrast with synapses with tight 10-20-nm Ca 2+ -nanodomain coupling, where EGTA fails to inhibit evoked release 23 , evoked release in small glutamatergic neocortical synapses is inhibited by intracellular EGTA in the millimolar range 5, 22 and is therefore thought to be triggered by larger Ca 2+ microdomains. Thus, our data imply that VGCC-dependent glutamatergic minis in small hippocampal synapses are also mediated by the formation of transient Ca 2+ microdomains in the vicinity of spontaneously opening VGCCs. To test this model more directly, we compared the effects of EGTA-AM and BAPTA-AM on VGCC-dependent mEPSCs to their effects on evoked release, measured in the same preparation. Because whole-cell patch-clamp recordings would inevitably perturb cytoplasmic integrity in the presynaptic axon and likely interfere with BAPTA-AM and EGTA-AM equilibration, we used an alternative approach based on imaging of evoked vesicular exocytosis in intact synapses with FM dyes [24] [25] [26] . We labeled recycling vesicles with the fluorescent styryl dye SynaptoRedC1 (SRC1), and then measured the specific action potential-evoked SRC1 de-staining rate (k AP ) during low-frequency (0.5 Hz) stimulation in control conditions or in the presence of BAPTA-AM or EGTA-AM ( Fig. 4a-d and Online Methods). Previously, we found that k AP is proportional to the average release probability of individual release-ready vesicles 25 . The decrease of k AP in BAPTA-or EGTA-loaded boutons should therefore report the specific reduction of evoked vesicular release by fast or slow Ca 2+ chelation.
Both BAPTA-AM and EGTA-AM loading decreased k AP in comparison to interleaved control cultures ( Fig. 4d) . BAPTA-AM almost completely blocked evoked exocytosis (by ~87%), whereas EGTA-AM inhibited it only by 33% ( Fig. 4e) . A similar effect of EGTA-AM on evoked glutamate release in cultured hippocampal neurons has been reported by imaging vesicular release with vGlut-pHluorin 27 . We therefore conclude that, similar to small glutamatergic synapses in the brain, evoked release at synapses in hippocampal cultures is mediated by Ca 2+ microdomains that are quenched by BAPTA and reduced by EGTA. Notably, the observed BAPTA-AMand EGTA-AM-induced reductions in evoked release were quantitatively similar to the calculated specific effects of these chelators on VGCC-dependent mEPSCs ( Fig. 4e and Online Methods).
The conclusion that VGCC-dependent glutamatergic minis are triggered by transient Ca 2+ microdomains is, however, difficult to reconcile with previous modeling studies that suggest that evoked release in synapses with loose Ca 2+ -microdomain coupling is likely to be controlled by several tens of VGCCs 5,28 (but see ref. 29 ). Indeed, the steep power relationship between vesicular release probability and presynaptic Ca 2+ influx 14, 22, 25, [28] [29] [30] [31] implies that the release rate should be very low following stochastic opening of individual VGCCs. To address this paradox, we assessed the properties of VGCC-dependent evoked and spontaneous glutamate release in small hippocampal boutons using quantitative modeling of presynaptic Ca 2+ dynamics and activation of vesicular fusion.
Numbers of different VGCCs in an average synaptic bouton
To constrain the model parameters, we first estimated the numbers of P/Q-, N-and R-type VGCCs in an average presynaptic bouton. We simulated the stochastic behavior of different VGCC subtypes during action potentials using a six-state gating kinetic model describing VGCCs in hippocampal mossy fiber boutons 12 (Fig. 5a, Supplementary Fig. 2 and Online Methods). By integrating the average Ca 2+ current traces (including failures; Fig. 5b) , we estimated the number of Ca 2+ ions 
Normalized release rate (% control) 100 * * * * *** *** npg a r t I C l e S entering the bouton during an action potential through single P/Q-type (n P/Q = 84), N-type (n N = 52) or R-type (n R = 248) channels.
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We next imaged Fluo-4 Ca 2+ fluorescence transients triggered by single spikes in individual boutons, followed by 100-Hz spike trains to define the saturated fluorescence level ( Fig. 5c and Online Methods). We have previously shown that fast presynaptic Ca 2+ dynamics are well approximated by a nonstationary single compartment model 25 . Using direct fitting of individual Ca 2+ traces ( Fig. 5c and Online Methods), we obtained an estimate of [Ca 2+ ] rest = 53.9 ± 2.2 nM and of the total action potential-evoked Ca 2+ concentration change ∆[Ca 2+ ] total = 62.0 ± 1.3 µM ( Fig. 5d,e ). The latter value allowed us to estimate the average number of Ca 2+ ions entering the bouton during an action potential
~3,650 (where V bout ~0.122 µm 3 is the average bouton volume in cultures 32, 33 , λ free ~0.8 is the fraction of intra-terminal volume free of synaptic vesicles, mitochondria, other presynaptic organelles and cytomatrix 32, 34, 35 , and N A is Avogadro's number). By multiplying N Ca 2+ by the proportions of spike-evoked Ca 2+ influx mediated by each channel subtype (P/Q ~0.45, N ~0.3 and R ~0.15; Fig. 2e ), we estimated the average number of Ca 2+ ions entering the bouton through P/Q-, N-and R-type channels (N P/Q ~1,640, N N ~1,100 and N R ~550). Finally, by dividing these values by the number of Ca 2+ ions entering through individual VGCCs (Fig. 5b) , we estimated that an average presynaptic bouton contains ~20 P/Q-type, ~21 N-type and ~2 R-type VGCCs (Fig. 5f) .
Modeling of action potential-evoked glutamate release
To model VGCC-glutamate release coupling in small hippocampal synapses, we used an allosteric model of Ca 2+ activation of vesicle fusion developed in the calyx of Held 19 (Fig. 6a) . Guided by available ultrastructural data 15, 32 , we considered a typical active zone as an elliptical disk (with area S AZ = 0.04 µm 2 ) located in the truncated surface of a sphere corresponding to a synaptic bouton of radius R bout = 0.35 µm (Fig. 6b) . Each active zone contained four docked release-ready vesicles. Accumulating experimental data suggest that presynaptic VGCCs in central synapses are almost exclusively located in the active zone 11, 15, 23, 33 . Because small hippocampal boutons contain, on average, 1.3 active zones 15, 32 , we adjusted the numbers of VGCCs in a whole bouton by this factor and considered that a typical active zone contains ~15 P/Q-type (equivalent to ~375 µm −2 ), ~16 N-type (~400 µm −2 ) and ~1.5 R-type (~37.5 µm −2 ) VGCCs. This result is consistent with an estimate of the P/Q-type channel density in the active zones of small CA3 synapses obtained with immunogold electron microscopy (~396 µm −2 or ~16 P/Q-type channels) 15 . The exact distribution of different VGCCs subtypes in the active zone, however, remains largely unknown. Most P/Q-type VGCCs are not distributed uniformly in the active zones of small CA3 glutamatergic synapses, but instead occur in oval clusters with characteristic dimensions of 50-100 nm 15 . In some active zones, however, the spatial distribution of P/Q-type VGCCs could not be distinguished from a random distribution. Thus, we initially considered both limiting cases in parallel: clustered and random VGCC distributions in the active zone ( Fig. 6c) . To account or the EGTA sensitivity of VGCC-dependent release (Fig. 4e) , we also assumed that the minimal distance between VGCCs and vesicular release sensors was 25 nm (ref. 5).
The results of two typical simulations for the clustered and random models are illustrated in Figure 6c ,d. Each run consisted of the following steps (Online Methods). First, we generated the spatial distribution of docked synaptic vesicles and VGCCs in the active zone ( Fig. 6c) . Second, we simulated the stochastic action potential-evoked Ca 2+ influx using the six-state VGCC gating model 12 and three-dimensional buffered diffusion using the Virtual Cell (VCell) environment, and estimated [Ca 2+ ] transients at vesicular release sensors ( Fig. 6d) . Third, we calculated the vesicular release rates ( Fig. 6d ) and corresponding vesicle fusion probabilities p v (Fig. 6d ) using the allosteric model of the Ca 2+ activation of vesicle fusion 19 (Fig. 6a) .
For each model, we simulated exocytosis in seven active zones with different VGCC-vesicle distributions and different realizations of stochastic VGCC behavior during an action potential (that is, a total of Fig. 2 Fig. 6h ). This model corresponded to experiments in which evoked Ca 2+ influx was progressively reduced with slowly dissociating VGCC blockers 29, 36 . By fitting the obtained dependency with a power function, we obtained a slope value for Ca 2+ current cooperativity, m ICa , of 2.5, which is close to the lower bound of VGCC cooperativity m Ch 37 . Furthermore, our modeling revealed that the apparent m Ch differed among vesicles in the active zone. For vesicles with high p v that were located close to VGCC clusters ( Fig.6c and Supplementary  Fig. 3) , release was almost completely controlled by the VGCCs from the nearest cluster and [Ca 2+ ] transients around such vesicles were largely determined by the two to three closest VGCCs. This effect was most prominent at the end of the action potential repolarization phase, when the channel open probability was low, but the current through individual VGCCs was high as a result of the increased Ca 2+ 28 vesicles for each model). Although the overall VGCC density in the active zone and the total evoked Ca 2+ influx were the same in the clustered and random models, the average peak [Ca 2+ ] peak at the vesicular release sensors and the corresponding vesicular fusion probability p v were substantially lower in the clustered model ([Ca 2+ ] peak = 27.7 µM, coefficient of variation = 0.648, p v = 0.09, coefficient of variation = 0.82) than in the random model ([Ca 2+ ] peak = 49.4 µM, coefficient of variation = 0.61, p v = 0.29, coefficient of variation = 0.88) ( Fig. 6d,e) . This difference is a direct consequence of a lower number of VGCCs located in the immediate vicinity of docked vesicles ( Fig. 6f ) in the clustered than in the random model. Consistent with this, evoked release in the clustered model was more sensitive to Ca 2+ chelation than in the random model, and, as expected for synapses with loose VGCC-release coupling, both models revealed differential effects of BAPTA and EGTA on evoked vesicle fusion ( Fig. 6g) . Notably, although the average p v predicted by the clustered model (0.09) is in the range of experimentally determined average p v values at hippocampal synapses (0.05-0.1) 24, 25, 30 , the average p v predicted by the random model (0.29) is several-fold higher. Thus, our modeling results are consistent with the hypothesis that the majority of presynaptic VGCCs in the active zone are indeed clustered 15 . How many VGCCs from each cluster contribute to the release of a single vesicle during an action potential? In other words, what is VGCC cooperativity (m Ch ) of triggering glutamate release at small npg a r t I C l e S driving force. In contrast, in the other limiting case, for vesicles with low p v that were located further away from VGCC clusters ( Fig. 6c  and Supplementary Fig. 3) , release was jointly controlled by all the VGCCs that opened during the action potential.
Modeling of VGCC-dependent miniature glutamate release
To model VGCC-dependent miniature release, we simulated [Ca 2+ ] transients at vesicular release sensors produced by spontaneous openings of a single VGCC for different VGCC open-channel durations (∆t) and at different VGCC-vesicle distances (d) (Fig. 7a,b) . We assumed a constant single channel current of 0.34 pA, corresponding to V rest = −70 mV (Online Methods) 38 . Using the same allosteric model ( Fig. 6a ) and the simulated [Ca 2+ ] transients corresponding to different (∆t, d) pairs, we then calculated a p v (∆t, d) map, which showed that stochastic opening of a single VGCC can indeed trigger vesicular fusion, with a steep dependence on both VGCC-distance and open-channel duration (Fig. 7c) .
We next determined the relative efficiency of different VGCCs in triggering spontaneous miniature release. For each channel subtype, we multiplied the p v (∆t, d) map by the probability density function for open-channel duration ϕ(∆t) (Fig. 7d) . By integrating the products over the entire range of possible open-channel durations, we obtained p d
dependencies of the vesicular fusion probability on VGCC-release sensor distance for P/Q-, N-and R-type VGCCs (Fig. 7e) . Consistent with a longer duration of spontaneous channel openings, R-type VGCCs were ~30-fold more efficient at triggering vesicular fusion than P/Q-and N-type channels (for example, at d = 50 nm, for R-type VGCCs p v (d) ~0.03, whereas, for P/Q-and N-type VGCCs, p v (d) ~0.001; Fig. 7e ). Finally, by multiplying p v (d) by the probability density function ϕ(d) for the distribution of VGCC-release sensor distances in the clustered model ( Fig. 7f) and by integrating the product p v (d)·ψ(d) for each channel subtype over the entire range of distances, we estimated the average probabilities 〈p v 〉 of vesicle fusion in response to single P/Q-, N-and R-type VGCC openings (〈p v 〉 ~0.0006 for P/Q-and N-type channels, and 〈p v 〉 ~0.009 for R-type channels; Table 1 ). (Fig. 5a) . npg a r t I C l e S To estimate VGCC-mediated miniature release rates in a typical bouton, we modeled the stochastic opening of single P/Q-, N-and R-type VGCCs at different V rest (Fig. 7g, Supplementary Fig. 4 and Online Methods) and calculated the average frequencies of spontaneous channel opening (v; Table 1 ) for each channel subtype corresponding to the experimentally determined distribution of V rest in hippocampal neurons in culture (Fig. 7h) . This allowed us to estimate the frequencies of VGCC-dependent minis mediated by each channel subtype in a typical synapse as f
where N Ch_type stands for the average number of each VGCC subtype in the active zone, and RRP is the average size of the readily releasable pool of vesicles ( Table 1) .
Consistent with our experimental data (Fig. 1d) , the modeling results confirmed that R-type VGCCs have a privileged role in triggering spontaneous glutamate release (~50% of VGCC-dependent minis). The frequency of all VGCC-dependent mEPSCs in an average synapse predicted by the model was f VGCC ~0.014 Hz (or ~0.85 vesicles per min). Taking into account that this subset of minis accounts for ~50% of all mEPSCs (Fig. 1d) , the model predicts the overall mEPSC rate at a single synapse f total ~0.028 Hz (or 1.7 vesicles per min). This value is consistent with experimentally determined spontaneous vesicular release rates at individual synaptic boutons (0.7-2 vesicles per min) [39] [40] [41] . Furthermore, the average mEPSC frequency across all cells recorded in standard conditions was 5.3 ± 0.5 Hz (n = 110 recordings). Dividing this value by the model-predicted mEPSC rate in a single bouton yields a plausible estimate (~190) for the number of synapses whose activity can be readily monitored by somatic patch clamp in a typical neuron in culture. Thus the modeling results demonstrate that uncorrelated spontaneous opening of VGCCs at V rest can fully account for the experimentally observed VGCC-dependent mEPSC rates.
What fraction of VGCCs contributes to spontaneous miniature release? To answer this, we simulated VGCC-vesicle distributions according to the clustered model (n = 60 synapses) and then calculated VGCC-dependent mEPSC rates during progressive removal of VGCCs that were more distant from the docked synaptic vesicles in the active zone. Direct comparison of the obtained cumulative fractions of VGCC-mediated minis and of VGCC number (plotted as functions of VGCC-vesicle distance; Fig. 7i ) revealed that 90% of all VGCC-dependent mEPSCs were triggered by only 20% of all VGCCs that were located within 70 nm of the docked vesicles.
Similar to evoked release (Fig. 6g) , model simulations revealed differential effects of BAPTA and EGTA on VGCC-dependent miniature release (Fig. 7j) . Comparing the modeling results with the experimentally determined effects of BAPTA-AM and EGTA-AM (Fig. 4e) allowed us to make an estimate of the unknown concentrations of BAPTA (~0.5 mM) and EGTA (~5 mM) after AM ester loading, implying that EGTA-AM in our experimental conditions was taken up by cultured hippocampal neurons ~10-fold more efficiently than BAPTA-AM. This provides a plausible explanation for the paradoxical finding that VGCC-dependent mEPSCs were much more sensitive to BAPTA-AM than to EGTA-AM loading, whereas the overall mEPSC frequency was reduced to the same extent by both chelators (Fig. 3) . Indeed, it is likely that at least some of the ~50% of mEPSCs that remained in the presence of VGCC blockers depended on slow global intracellular [Ca 2+ ] changes that might occur from intracellular stores 42, 43 . According to this model, 0.5 mM BAPTA should be much less efficient than 5 mM EGTA at inhibiting such minis, as demonstrated by modeling of vesicular release (using the same allosteric model) triggered by small (~1 µM) and slow (~2 s) elevation of presynaptic [Ca 2+ ] from [Ca 2+ ] rest = 50 nM (Supplementary Fig. 5 ).
DISCUSSION
We found that presynaptic P/Q-, N-and R-type VGCCs directly trigger approximately half of spontaneous miniature glutamate release events at small hippocampal synapses. The finding that the relative sensitivity of VGCC-dependent mEPSCs to EGTA and BAPTA was similar to that of action potential-evoked neurotransmitter release argues that both forms of exocytosis are triggered by similar Ca 2+nano/microdomains resulting from VGCC opening, which in turn are sensed by the same low-affinity Ca 2+ sensor synaptotagmin-1 (ref. 4) . The results of our experimentally constrained modeling of Ca 2+ influx-exocytosis coupling are consistent with this hypothesis and show that spontaneous VGCCs openings can fully account for the experimentally observed VGCC-dependent minis, although single channel openings trigger release with low probability. Taken together, our results argue that stochastic VGCC opening can engage the same signaling cascade that underlies fast evoked neurotransmitter release, thereby challenging the view that action potential-evoked and action potential-independent release of glutamate are mediated by non-overlapping sources of Ca 2+ .
We also identified an unexpectedly large role for R-type VGCCs in miniature release. This finding suggests a potential mechanism for differential regulation of evoked and spontaneous exocytosis at the level of individual presynaptic boutons. Indeed, the complement of presynaptic VGCCs varies substantially among small glutamatergic boutons in both cultures and brain 10, [13] [14] [15] . Synapses with higher proportions of R-type channels are therefore expected to have substantially higher rates of spontaneous miniature release relative to evoked release.
It has been proposed that spontaneous release of GABA is triggered by synchronized activation of multiple VGCCs of different types 6 . Indeed, similar to evoked release, which is normally triggered by several VGCCs, ω-Aga and ω-Ctx caused non-additive supralinear reductions of GABAergic minis in cultured neocortical neurons 6 . In contrast, we did not observe such non-additive effects of VGCC blockers: simultaneous application of specific VGCC blockers reduced mEPSCs frequency to the same extent as the sum of the effects of the individual blockers (Fig. 1e) . Furthermore, assuming independent operation of individual VGCCs, our modeling predicts that the baseline probability of coincident opening of more than one channel in the active zone is low (Supplementary Fig. 4) . Thus, our results argue that VGCC-dependent glutamatergic minis are triggered by uncorrelated opening of individual VGCCs.
At first glance, this finding contradicts the prevailing view that several VGCCs are required to trigger exocytosis at synapses with loose Ca 2+ -microdomain VGCC-Ca 2+ sensor coupling, where neurotransmitter release is sensitive to the slow Ca 2+ buffer EGTA in the millimolar concentration range 5, 22, 28 . The detailed modeling of presynaptic Ca 2+ dynamics and vesicular release that we performed provides a plausible explanation for the apparent inconsistency. Consistent with previous modeling of the calyx of Held 28 , our model revealed a large heterogeneity of vesicular fusion probabilities in the same active zone. This was mainly a consequence of variable distances between docked vesicles and VGCC clusters. Furthermore, our simulations showed that the number of VGCCs that control vesicular fusion (that is, VGCC cooperativity, m Ch ) 37 varies several-fold depending on the position of an individual docked vesicle in the active zone. Release of distal vesicles with low p v (located >100 nm away from VGCC clusters) was controlled by overlapping Ca 2+ domains from all VGCCs in the active zone that open during an action potential (~14). In contrast, in the other limiting case, release of proximal vesicles with high p v (located within ~30-40 nm of the nearest cluster) npg a r t I C l e S was mainly controlled by the two to three closest VGCCs. In a full agreement with this, our model demonstrated that 90% of all VGCCdependent mEPSCs could be accounted for by stochastic opening of single VGCCs located within 25-70 nm of the docked vesicles.
It should be noted that, although our results are consistent with non-uniform (clustered) VGCC distribution in the active zone, the real distributions of different VGCCs subtypes and docked synaptic vesicles in active zones of central synapses remain largely unknown. Evidence exists for a direct interaction between presynaptic VGCCs and the release machinery 44, 45 , implying that some channels are likely to be directly tethered to the vesicular release sites. This subpopulation of VGCCs should therefore have a disproportionately important role in triggering both evoked and spontaneous release.
Previous studies have reported that blockade of VGCCs with the nonselective inorganic channel blocker Cd 2+ either failed to reduce the rate of spontaneous glutamate release (for example, at cortical 8 and hippocampal 9 synapses) or even increased the mEPSC frequency (for example, in the spinal cord 46 ). This apparent contradiction with our evidence that VGCCs contribute to triggering miniature release can be explained by other presynaptic actions of Cd 2+ than simple blockade of VGCCs. Indeed, there is accumulating evidence that extracellularly applied Cd 2+ disrupts intracellular divalent cation homeostasis and leads to an elevation of intracellular Ca 2+ and/or Cd 2+ levels (Fig. 2f) 17, 18 . An alternative explanation for previous evidence that Cd 2+ fails to inhibit minis is that V rest (the parameter that sets the rate of spontaneous VGCC opening) differed among studies. In our experimental conditions, the average V rest was approximately −72 mV (ranging from −55 to −80 mV), similar to previous estimates of V rest in excitatory hippocampal neurons in acute brain preparations [47] [48] [49] . This argues that estimates of VGCC-dependent miniature release rates in cultured hippocampal neurons can be extrapolated to small excitatory synapses in the brain.
Does VGCC-mediated miniature release have a physiological relevance or is it simply a consequence of the inevitable spontaneous openings of VGCCs that are arranged in the active zone to optimize evoked release? Because the opening probability of VGCCs depends steeply on the membrane potential, spontaneous exocytosis is likely to be modulated by subthreshold axonal voltage fluctuations, including those propagating passively from the cell body 50 . Thus, VGCCdependent minis potentially provide a mechanism for synaptic homeostasis 1,2 to be regulated by activity in the parent axon. This complements other forms of modulation of spontaneous exocytosis by neurotransmitters that act via presynaptic receptors and activate signaling cascades linked to intracellular Ca 2+ stores (for example, see refs. 42, 43) . It is tempting to speculate that the coexistence of VGCC-dependent and VGCC-independent minis provides for two forms of homeostasis, one reflecting the degree of depolarization of the presynaptic neuron and the other reflecting the synaptic microenvironment, allowing complementary processes to control the excitability and development of neuronal networks.
METhODS
Methods and any associated references are available in the online version of the paper.
Note: Any Supplementary Information and Source Data files are available in the online version of the paper. boutons were identified by subtracting the five-frame background average from the five-frame average immediately after completion of SRC1 washout. SRC1 de-staining rates were measured in circular ROIs of 1.6-µm diameter centered at the fluorescence maxima of individual boutons. Boutons with overlapping ROIs were excluded from the analysis. The de-staining rates at rest (k rest ) and during 0.5-Hz stimulations (k stim ) were calculated by fitting monoexponential functions to the fluorescence time course in each selected ROI, after subtracting the background value. Boutons with low signal to noise ratio (goodness of the fit χ 2 > 0.025) were excluded from the analysis. To correct for spontaneous SRC1 vesicular release and for the non-specific loss of SRC1 fluorescence, the effective specific action potential-evoked release rate in each bouton was calculated as 
Voltage-dependent forward and backward rates were calculated as a a
. The values for forward and backward rates at 0 mV, α i,0 and β i,0 , and for the slope factors k i were taken for each channel type from Table 2 in ref. 12 . We assumed the same action potential waveform as in the previous modeling study in the Calyx of Held 28 , but with action potential half-width of ~0.37 ms. This estimate (for recording temperature of 23-25 °C) was obtained by using the action potential half-width of ~0.2-0.25 ms recorded in the axons of CA3 pyramidal cells in slice hippocampal cultures at 32 °C (ref. 55) , and the Q 10 temperature coefficient for action potential duration ~1.8 (estimated from data in ref. 56) . Ca 2+ currents were calculated as i V g V E Ca Ca
where E Ca 2+ = 55 mV is the reversal potential for Ca 2+ and g = 2.7 pS is VGCC conductance at 2 mM extracellular [Ca 2+ ] ext (we assumed the same conductance for all three VGCC subtypes 11 ) 38 .
non-stationary single compartment model of presynaptic ca 2+ dynamics.
The total magnitude of action potential-evoked presynaptic Ca 2+ influx was estimated using a nonstationary single compartment model, which was previously developed for quantification of fast action potential-evoked Ca 2+ fluorescence transients (for example, refs. 25, 57) . The model assumes spatial homogeneity of Ca 2+ concentration in the nerve terminal, and the presynaptic Ca 2+ dynamics governed by the Ca 2+ entry and removal rates and binding-unbinding reactions with the endogenous and exogenous buffers as well as the fluorescent Ca 2+ indicator. These considerations are reflected in the system of equations below, where the square brackets denote concentrations, and the superscript indices of the reaction rate constants denote endogenous Ca 2+ buffers B i or the indicator I. The action potential-dependent Ca 2+ influx time course j Ca was approximated by the Gaussian function
where t AP denotes the time of peak of action potential-evoked Ca 2+ current, and ∆[Ca 2+ ] total denotes the total time integral of the volume averaged presynaptic Ca 2+ entry. We assumed σ ~0.4 ms (Fig. 5b) (ref. 57) . We assumed that a typical small hippocampal excitatory presynaptic bouton contains two types of mobile endogenous buffers (ATP 5,28,58 and calbindin-D 28K 5,59 ) and a single immobile endogenous buffer (calmodulin 58 , which is immobilized at rest due to its binging to neuromodulin 60 , where x v and y v denote x and y coordinates of the vesicle center and R v = 0.02 µm is the outer vesicle radius. Ca 2+ vesicular release sensors were assumed to be evenly distributed around the vesicle periphery in a 5-nm-thick z-slice directly above the active zone (that is, 12 voxels for each vesicle ; Fig. 6c ). The concentrations and properties of endogenous and exogenous Ca 2+ buffers used in VCell simulations are specified in Supplementary  Table 2 . Ca 2+ removal was approximated by a first-order reaction at the bouton surface (excluding the active zone) where k rem ~3,600 s −1 was estimated by fitting experimental data with nonstationary single compartment model (described above), and the ratio of bouton volume to its surface area was ( / ) V S bout bout = 0.104 µm. After performing several test simulations, we restricted the computations to a dome described by the equation . This modification did not affect Ca 2+ dynamics calculated near the docked vesicles (less than 1% difference with the original model), but substantially increased the computation speed.
The spatial distributions of VGCCs and vesicles in the active zone used in VCell simulations were obtained from Monte Carlo simulations performed in MathCad 15.0 (Parametric Technology). In the clustered model, we first randomly simulated positions of two ellipse-shaped VGCC clusters (each 100 nm long and 50 nm wide) and then randomly distributed 32-33 VGCCs in these two clusters (that is, VGCC density = 4,000 µm −2 in the clusters and 800 µm −2 in the whole active zone). We next randomly simulated the positions of four release-ready vesicles (vesicle centers were separated by a minimal distance of 45 nm to prevent them from overlapping). To account for the EGTA-sensitivity of action potential-evoked release the minimal distance between VGCC clusters and docked synaptic vesicles was set to 25 nm. For the random model, we npg first simulated positions of four docked vesicles and then randomly distributed 32-33 VGCCs throughout the whole active zone. Again, the minimal distance between VGCCs and docked synaptic vesicles was set to 25 nm. The subtype of each VGCC was randomly simulated according to the relative occurrence frequency: 20/43 (P/Q type), 21/43 (N type) and 2/43 (R type) ( Fig. 5f) . Thus, on average, there were 15 P/Q-type, 16 N-type and 1.5 R-type VGCCs in the active zone. Action potential-evoked Ca 2+ currents through each of the VGCCs were simulated in NEURON simulation environment as described above.
Vesicular release rates were calculated using a previously published six-state allosteric model of Ca 2+ activation of vesicle fusion in the calyx of Held (Fig. 6a) 19 . All the model parameters were as in the original calyx of Held model: k on = 1 × 10 8 M −1 s −1 , k off = 4,000 s −1 , b = 0.5, f = 31.3 and I + = 2 × 10 −4 s −1 . At the beginning of each simulation, we assumed that the relative occupancy of different model states corresponded to [Ca 2+ ] rest = 50 nM.
The model was solved using a variable-order stiff multistep method based on the numerical differentiation formulas (function ode15s in MATLAB, MathWorks) for action potential-evoked Ca 2+ concentration profiles obtained in VCell simulations at each of the 12 voxels surrounding the vesicle (assumed positions for Ca 2+ release sensors; Fig. 6c ). The average occupancies for the different model states 〈V i (t)〉 were calculated by averaging the obtained 12 solutions. Finally, the time dependency of vesicular release probability was calculated as Statistical analysis. All data are presented as mean ± s.e.m. The distribution of data in each set of experiments was first tested for normality using a Kolmogorov-Smirnov test. The similarity of variances between each group of data was tested using the F test. For normally distributed data Student's t tests for single group mean, unpaired and paired comparisons were used as indicated. For the data that failed the normality test Wilcoxon singed rank tests for single group median, unpaired and paired comparisons were used. No statistical methods were used to pre-determine sample sizes, but our sample sizes are similar to those reported in previous publications in the field [6] [7] [8] 25 . For normally distributed data, standard post hoc power calculations for t test were performed using the experimentally determined s.d., to verify that the sample sizes were sufficient for detecting with 90% power 5-15% changes in the mean values at P < 0.05. Data collection and analysis were not performed blind to the conditions of the experiments. The effects of different VGCC blockers were tested in randomly interleaved experiments. All statistical tests were performed using SigmaPlot 11 (Systat Software).
